Sonochemistry involves focusing acoustic energy through cavitation bubbles to increase chemical activity. The violent bubble collapses lead to temperatures of several thousand kelvin, which drive chemical reactions. In previous work, we gave a detailed computational model of a single bubble collapse, taking into account phase change, mass di¬usion, heat di¬usion and chemical reactions. All of these phenomena are important in determining the conditions at collapse. The present work involves development of a much simpler model that includes all the physics relevant to the determination of the reaction products. Comparisons with the more detailed computations are made; the reduced model is found to provide reasonable results. Furthermore, it is shown that many of the observed trends in sonochemistry are re®ected in the trends observed in the behaviour of a single`representative' bubble.
Introduction
Sonochemistry involves enhancing or promoting chemical reactions with ultrasonic acoustic energy. The di¬use acoustic energy is focused through cavitation bubbles, which grow and collapse in response to the oscillatory pressure. Violent collapses, due to the nonlinearity of the bubble dynamics, can produce temperatures of several thousand kelvin and pressures of several thousand atmospheres. These extreme conditions can lead to chemical reactions in the interior of the bubble; the products of the reactions are dispersed into the liquid. Some applications and techniques were recently reviewed by Suslick et al. (1999) , Mason (1999) , Thompson & Doraiswamy (1999) , and von Sonntag et al . (1999) .
Several models of the dynamics of single bubbles have been proposed. The simplest equation is the Rayleigh{Plesset equation (RPE): a nonlinear ordinary di¬erential equation (ODE) describing the radial dynamics (see Leighton 1994; Young 1989 ). This equation is derived for slow bubble motions; many of the assumptions on which it is based are invalid at the time of collapse.
More recently, the gas dynamics inside strongly collapsing bubbles has been studied through compressible Navier{Stokes simulations (Vuong & Szeri 1996; Storey & Szeri 1999 Moss et al . 1999) . These detailed models have been used to show that the state of the gas on collapse is strongly in®uenced by such processes as heat transfer, mass transfer, chemical reactions and non-uniform pressure in the bubble interior.
These physical phenomena have been left out of the traditional Rayleigh{Plesset formulation.
Others have presented modi cations to the RPE taking into account a variety of phenomena in a variety of approximations. For example, heat-transfer e¬ects were taken into account by Prosperetti et al . (1988) , Plesset & Hsieh (1960) and Plesset & Zwick (1954) . Compressibility of the liquid was taken into account by Prosperetti & Lezzi (1986) . Non-equilibrium phase change was included by Fujikawa & Akamatsu (1980) and Yasui (1997a) . Di¬usion of vapour was studied by Nigmatulin et al . (1981) . Chemical reactions have been included by Yasui (1997b) , Sochard et al . (1997) , Gong & Hart (1998) , Colussi et al . (1998) and Kamath et al . (1993) . Nonequilibrium phase change and di¬usion of vapour were considered very recently by Colussi & Ho¬mann (1999) .
A problem with the simpli ed Rayleigh{Plesset models is that many of the assumptions are violated during the violent collapse. It is not known how well the approximations predict the actual conditions in the bubble interior. On the other hand, a weakness of the detailed models is that their complexity does not allow for extensive parameter studies.
In the present work, we develop a reduced model that does take into account phase change, mass di¬usion, heat di¬usion, non-uniform pressure and chemical reactions in a simple way. The results are compared with the more detailed Navier{Stokes calculations presented in our earlier work. Good agreement is shown between the two approaches when one considers such issues as peak temperatures and quantity of radical species produced. More importantly, the reduced model can predict the same trends as the more detailed calculations. Finally, we shall demonstrate that the simpli ed single-bubble model is able to predict a variety of trends observed in sonochemistry experiments.
Formulation
This formulation is based on the physical observations made from our computational studies of an argon bubble in water around standard atmospheric conditions (Storey & Szeri (2000) , hereinafter referred to as S&S). In S&S we solved the full Navier{Stokes equations inside the bubble for a di¬usive, reactive, multi-species gas (including the water vapour). In what follows we shall simplify the model considerably, while retaining all the essential physics relevant to the determination of reaction products.
(a) Radial dynamics
The starting point is the RPE, the derivation of which may be found in many other references (see, for example, Leighton 1994) . It is useful to make this equation dimensionless using the length-scale of the ambient bubble radius, R 0 , the timescale of the frequency of acoustic forcing, 1=!, and the pressure scale of the ambient pressure, P 0 . In dimensionless variables this equation becomes
where R is the bubble radius, the dot denotes a time derivative, P l is the pressure in the liquid at the bubble wall, and P A is the amplitude of the acoustic forcing. The time derivative of the liquid pressure term is the traditional liquid compressibility correction (Prosperetti & Lezzi 1986) . The dimensionless pressure in the liquid is
where P g is the pressure in the gas (including vapour). The time derivative of the gas pressure term is an approximation for the non-uniform pressure in the interior of the bubble (Moss et al . 2000) . There are ve dimensionless parameters: Euler number Eu = P 0 =» l R 2 0 ! 2 ; Weber number We = » l R 3 0 ! 2 =2¼ ; liquid Mach number Ma l = R 0 !=c l ; gas Mach number Ma g = R 0 !=3c g ; and liquid Reynolds number Re l = !R 2 0 =4¸l. Here, » l is the liquid density, ¼ is the surface tension, c l is the speed of sound in the liquid, c g is the temperature-dependent speed of sound in the gas, and¸l is the viscosity of the liquid.
As far as the radial dynamics is concerned, the two most important parameters are Eu and P A . We becomes important only for bubbles small enough that their surface tension causes signi cantly larger pressures within the bubble than in the liquid outside. The other parameters (Ma l ; Ma g ; Re l ) are associated with damping and have minor in®uence on a single bubble collapse. These dimensionless parameters (or other dimensionless groupings) should be kept in mind when one is concerned with varying input parameters. For example, single-bubble results are often presented with variations in both ambient radius and driving frequency. Under circumstances where W e is not important, variations in R 0 and ! may really be the same through the Euler number.
(b) Non-equilibrium phase change
From the detailed calculations we found non-equilibrium phase change to be of paramount importance. Therefore, we use an evolution equation for the number of vapour molecules contained in the interior, rather than assume a constant vapour pressure. Non-equilibrium phase change does not signi cantly in®uence the bubble dynamics, but is very important for predicting the quantity of vapour at the collapse. The equation for number of moles of vapour, n v , in dimensionless variables is (Carey 1992 )
where P s at (T 0 ) is the dimensionless saturation pressure at the ambient liquid temperature, T 0 , and
is the evaporation time constant. Here,1 is the accommodation coe¯cient, · R is the universal gas constant, and M v is the molecular weight of the vapour. The equation is made dimensionless by the initial number of moles n 0 = P 0 4º R 3 0 =3 · RT 0 . In (2.3) there are two new parameters, ½ c and P s at . Neither has much impact on the radial dynamics, but both are crucial in determining the quantity of vapour contained in the bubble, and hence the quantity of radical species produced.
(c) Heat transfer
Heat transfer is taken into account in a simple and approximate way. Heat-transfer e¬ects are controlled by two competing time-scales. The dimensionless time-scale for heat to di¬use from the centre to the wall is
where Re g = R 2 0 !=¸g is the Reynolds number of the gas, Pr =¸g=¬ g is the Prandtl number,¸g is the viscosity of the gas, and ¬ g is the thermal di¬usivity of the gas. The representative time-scale of the radial dynamics is given as
When the dynamic time-scale is longer than the heat-transfer time-scale, then the bubble motions are slow enough that the bubble interior remains at the ambient liquid temperature, i.e. the bubble behaves isothermally. When the heat-transfer time-scale is longer than the dynamic time-scale, then the bubble motions are so rapid that heat has insu¯cient time to escape from the bubble interior and the interior behaves adiabatically. A major simpli cation we employ to develop a model of reduced complexity is to treat the gas as either isothermal or adiabatic. Similar approaches to the heat-transfer problem have been taken before (see, for example, Noltingk & Neppiras 1950; Neppiras & Noltingk 1951) . The adiabatic/isothermal behaviour determines how to compute the pressure in the gas mixture, to which we turn our attention in x 2 f .
(d ) Mass transfer
Mass di¬usion of vapour inside the bubble is taken into account in the same way as the heat transfer. The mass-di¬usion time-scale is
where Sc =¸g=D v is the Schmidt number, and D v is the mass di¬usivity of the vapour. When the dynamic time-scale is longer than the mass-di¬usion time-scale, the interior is of uniform composition and the number of moles of vapour evolves according to (2.3) (analogous to the isothermal behaviour). When the mass-di¬usion time-scale is longer than the dynamic time-scale, the vapour has insu¯cient time to di¬use from the interior to the wall. In this case, the amount of vapour contained in the bubble remains constant (analogous to the adiabatic behaviour). As with heat transfer, we switch between these two extreme behaviours in order to simplify mass transfer in the model. Hence, we set the right-hand side of (2.3) to zero when ½ d yn < ½ d i¬ ;m . Details on the role of transport of water vapour in the interior of bubbles are discussed extensively in S&S.
(e) Chemical kinetics
The chemical reactions are taken into account with nite-rate chemical kinetics; chemical kinetics is reviewed in several references (see, for example, Gardiner 1984). The reaction mechanism consists of several forward and reverse elementary reactions; the sum of these elementary reactions gives the total change in an individual species. The evolution equation for the moles of each species is
where ¡ i is total change in concentration of species i (which comes from the reaction equations (not shown)). In this paper we only consider H 2 {O 2 chemistry; the details of the mechanism we used are given by Maas & Warnatz (1988) . One could easily use a chemical kinetics software package, such as CHEMKIN (Kee et al . 1994) , to compute ¡ i and extend this model to more complex chemical systems.
(f ) Pressure in the gas{vapour mixture
The equation to determine the pressure depends on the process given by the heattransfer condition discussed in x 2 c. When the bubble contents evolve isothermally, we assume that no reactions are occurring. The dimensionless pressure is given by the ideal gas law as
where n n c is the number of moles of the non-condensible gas, which is regarded as a constant. In other words, we neglect recti ed di¬usion. Of course, recti ed di¬u-sion is an important ingredient in understanding the long-time evolution of bubble populations, or, indeed, in understanding how the present state of a bubble cloud came into being. In the present work, the focus instead is on chemical production per acoustic cycle, without consideration of these longer term e¬ects. When the bubble contents evolve adiabatically, the temperature rises and chemical reactions occur. During the adiabatic process the pressure is given by
where ® is the ratio of speci c heats, H i is the partial enthalpy of species i, and · C p is the average molar speci c heat of the gas mixture (see Gardiner 1984) . Equation (2.6) is derived in a straightforward manner: one applies the rst law of thermodynamics to an adiabatic, constant-mass bubble consisting of a mixture of chemically reacting ideal gases. We assume that all quantities are spatially uniform in the interior for the derivation of (2.6). The rst term on the right-hand side is a consequence of the chemical reactions; without it (2.6) could be solved to yield the usual polytropic expression for an adiabatic process. We note that the kinetic energy of the gas was neglected when deriving this pressure equation. This term was checked and always found to be small.
(g) Summary
We assume that in sonochemistry applications, the cavitation is transient and the bubble breaks apart at the collapse, dispersing the chemical contents into the liquid (S&S; Colussi et al. 1998) . Therefore, we are only interested in the rst expansion and violent collapse, a typical example is shown in gure 1.
At the beginning of the acoustic cycle, the bubble expands slowly to a maximum radius. The time-scale arguments of xx 2 c and 2 d characterize this expansion as isothermal and the composition of the bubble interior is uniform. Therefore, at this time we solve (2.1) and (2.2) for the radius, (2.3) for the number of moles of vapour, and (2.5) for the pressure. No reactions occur during this part of the cycle and the right-hand side of equations (2.4) are set to zero. This uniform isothermal behaviour continues into the collapse until the motions become rapid enough that the time-scale arguments of xx 2 c and 2 d show that the bubble is collapsing adiabatically with constant mass. This time is indicated by the dot in gure 1. To simplify matters we average the mass-and heat-di¬usion timescales to create a single di¬usive time-scale, ½ d i¬ . Because the Prandtl number and Schmidt number usually di¬er little, this approximation is straightforward to justify. Therefore, when ½ d i¬ = ½ d yn we switch from an isothermal, variable-mass process to an adiabatic, constant-mass compression. In this part of the cycle we solve (2.1) and (2.2) for the radial dynamics, (2.4) for the number of moles of all the species, and (2.6) for the pressure. Equation (2.3) has a right-hand side of zero during this part of the cycle. We stop the calculation when the velocity of the collapse reaches zero on the assumption that the bubble breaks apart.
The behaviour just described is not general. For example, there are conditions where the expansion occurs adiabatically. One must always monitor the di¬usive time-scales to be certain that the model is appropriate or adjust the model in a suitable way. For the conditions of interest in this work the description is valid. The model works well for our conditions primarily because there is very little time when the di¬usive and dynamic time-scales are of equal magnitude. We note that it is trivial to modify the model to compute an entire acoustic cycle, if one wants to assume that the integrity of the bubble is maintained through the collapse. This model will not work well if ½ d i¬ º ½ d yn for much of the cycle.
Comparison of the reduced and detailed models
In this section we compare the conditions at the collapse predicted by the present, reduced model with the more detailed model presented in S&S. Table 1 shows a summary of the parameters and conditions in the bubble at the point of minimum radius. Storey & Szeri (2000) and the present, reduced model
(From the detailed model we show the peak temperature at the centre, the mass percent of argon at the centre, and the number of OH molecules (scaled by the total number of molecules initially in the bubble). To obtain the total number of OH molecules, multiply the result in the Table 1 shows a comparison of the peak temperature, the amount of water trapped by the collapse, and the amount of OH produced. Because the total number of moles changes due to reactions, we use the mass fraction of non-condensible gas to compare the amount of water trapped by the collapse. In general, the reduced model produces reasonable results.
In actuality, the temperature and distribution of species are not uniform inside the bubble. Only a single value is computed in the reduced model, which makes comparing the two approaches awkward. For example, in table 1 we present the mass fraction of argon at the centre from S&S. At the collapse the mass fraction of argon is lowest at the centre and highest at the wall. The average mass fraction of argon is therefore higher than the value at the centre. In fact, for the cases listed in table 1 the mass fraction at the centre and the average value always bracket the value determined by the reduced model. While a direct comparison is awkward, the reduced model is clearly producing reasonable results.
The most important thing to realize from table 1 is that the reduced model is capable of reproducing the trends in the data. For example, the rst ve entries show all parameters held constant except the acoustic forcing. Both methods predict that the temperature reaches a maximum, then decreases slightly with P A . Both methods also predict that the increased forcing will trap more water vapour in the bubble interior and produce more OH. The trends with variation of ambient radius and frequency are captured as well. The fact that such trends are captured is important for parameter studies, as optimizing a sonochemical process with the reduced model should give very similar results to the more detailed model.
Use of the reduced model in the study of sonochemistry
In the previous section it was shown that the reduced model provides reasonable results for a single bubble. In this section we will demonstrate that the reduced model applied to a single bubble can account for some of the trends observed in sonochemistry data.
The di¯culty in making direct use of the single-bubble model to predict sonochemistry data is in determining the input parameters to characterize the sonochemical bubble cloud, i.e. the mean radius of collapsing bubbles, the bubble number density, the driving pressure amplitude felt by the bubble, etc. These uncertainties make it di¯cult to determine if an e¬ect one measures on changing an experimental parameter is due to changes in individual bubble dynamics or due to changes in the bubble population. Furthermore, it is not known how the chemical species produced by the bubble collapse are dispersed in the liquid. We simply assume that the species contained in the bubble at the end of the collapse will be completely dispersed in the liquid.
We emphasize that the purpose of this section is not to make quantitative predictions. Our purpose is to demonstrate the utility and the limitations of using a single-bubble model in sonochemistry. Single-bubble behaviour is commonly used to explain many of the trends in sonochemistry. In future work, this single-bubble model will become one component of a more complete model including population dynamics. These issues are discussed by Neppiras (1980) and Leighton (1995) .
Despite all the uncertainties and unknowns, we will demonstrate that a single bubble is able to reproduce some trends and give insight into others. For all the cases we discuss in what follows, we assumed the input parameters: R 0 = 4:5 m m, P A = 2:0 atm, T 0 = 298 K, P 0 = 1 atm, and ! = 300 kHz. The choice of P A , T 0 and ! are based on typical sonochemistry conditions, while the choice of R 0 is somewhat arbitrary. Variations of these input parameters were found to provide similar trends as the ones we present, though there are quantitative di¬erences.
(a) Helium{argon mixtures Mark et al . (1998) measured sonochemical yields of OH and H 2 O 2 as the composition of a helium{argon gas mixture was varied. Our normalized predictions of the yields of OH and H 2 O 2 as the fraction of helium is increased are shown in gure 2. The solubility of the di¬erent species is taken into account with the results plotted versus fraction of helium in the liquid (which will not equal the fraction in the gas). The trend in this gure is similar to that measured by Mark et al. (1998) shown in the inset. Note that helium and argon have very di¬erent solubilities; hence a signi cant change in R 0 due to recti ed di¬usion is a possibility we have not taken into account. Such questions belong properly to a study of the evolution of bubble clouds, a subject outside the scope of the present work. The details of the shape of the curve are quite sensitive to the input parameters, but the general trend is very robust. Mark et al . (1998) speculated that the trend in decreasing OH and H 2 O 2 yields was due to the increasing thermal conductivity with helium content. This view has also been put forth by many others (see Young 1989, p. 326) . The speculation was that more heat loss leads to lower temperatures and therefore less chemical activity. The present model suggests an alternative interpretation. We nd that as the helium content increases, the water vapour has increased mobility and can more easily di¬use out of the bubble interior. Therefore, as the helium content increases, the amount of trapped water decreases. The decrease in water content reduces the`fuel' for OH and H 2 O 2 . Despite the increase in thermal conductivity we nd that the temperature in the bubble increases (4400{480 0 K) with helium content because there is less water to undergo reactions and absorb energy. Therefore, the decrease in the amount of water trapped in the bubble is the reason why OH and H 2 O 2 yields decrease with increasing helium concentration.
The stark di¬erence between our explanation based on vapour content and the explanation relying on thermal conductivity may be appreciated by examination of a calculation in which phase change is arti cially prohibited. In this case, one nds that a pure argon bubble achieves a temperature of 9200 K, compared with a pure helium bubble which achieves a temperature of 6600 K. The lower temperature for the helium bubble in this instance is due to the higher thermal conductivity, which does indeed promote a greater loss of the heat of compression. We emphasize that this result is not physical, as the vapour dynamics are arti cially suppressed.
When vapour is properly taken into account, the robust trend is for the quantity of water vapour trapped in a helium bubble to be much diminished compared with the quantity trapped in an argon bubble, with the consequence that the temperatures achieved are largely equal, notwithstanding the di¬erences in thermal conductivity. The rami cations for chemistry are diminished production of OH and H 2 O 2 in a helium bubble, all other things being equal. This example highlights the interdependence of heat and mass transfer. Heat-and mass-transfer e¬ects must be considered together, not separately, when trying to understand the role of di¬usive transport.
(b) Hydrogen{argon mixtures Mark et al . (1998) also measured sonochemical yields as the composition of a hydrogen{argon mixture was varied. In gure 3, we show the normalized sonochem-ical yields of OH and H 2 O 2 that are predicted by the present model as one varies the H 2 fraction in the liquid. The trend is very similar to that of the experimental data (inset). The sharp decline in the yields with increased hydrogen content is due to several factors: (a) a chemical e¬ect due to an increase in the amount of hydrogen, (b) a chemical e¬ect due to a decrease in water vapour content (which is due to the increased mass di¬usivity), (c) a decrease in the ratio of speci c heats of the gas mixture, and (d) an increase in thermal conductivity.
The chemical e¬ects (a) and (b) are easiest to understand in terms of equilibrium chemistry. For a xed temperature, pressure and water content, the chemical equilibrium amount of OH and H 2 O 2 decreases signi cantly as the fraction of H 2 increases (a). The same is true if we hold the fraction of H 2 constant and decrease the fraction of H 2 O (b). Therefore, much of the decrease in the sonochemical yields is simply due to the change in the composition of the gas{vapour mixture that undergoes heating. We note that owing to the high density at collapse, the reactions occur very rapidly and are always near equilibrium. Therefore, interpreting the results in terms of chemical equilibrium is quite valid, and could form the basis of further simpli cations.
Factors (c) and (d) lead to a decrease in the collapse temperature as hydrogen is added. The lower ratio of speci c heats of hydrogen reduces the compression heating and the higher thermal conductivity removes more heat. Therefore, all four factors act together to decrease the amount of OH and H 2 O 2 as the fraction of hydrogen is increased. This general trend is very robust with changes in the input parameters.
(c) Oxygen{argon mixture Hart & Henglein (1985) measured sonochemical yields of H 2 O 2 as the composition of an oxygen{argon mixture was varied. The normalized sonochemical yields we compute as a function of O 2 content are shown in gure 4. Again, we obtain reasonable agreement between the single-bubble model and the experimental data (inset). We show the predicted results for two di¬erent pressure amplitudes, with the P A = 3:0 curve looking very similar to the experimental results. The shape of the curve and the location of the maximum are dependent on the input parameters, but the general trend is very robust.
The maximum in the data is a consequence of competing e¬ects. As the oxygen is introduced, equilibrium chemistry dictates that there should be a monotonic increase in H 2 O 2 if all parameters are held constant (i.e. temperature, pressure and water content). On the other hand, as the amount of O 2 increases, the gas mixture has a lower speci c heat ratio, reducing the peak temperature. These o¬setting e¬ects lead to the maximum in the H 2 O 2 yields. Heat and mass di¬usion play a minor role because the di¬usive coe¯cients for argon and oxygen are similar. (d ) Acoustic power Mark et al. (1998) measured sonochemical yields of OH as the acoustic power input is increased. The predicted OH yields as the pressure amplitude is varied between 1 and 10 atm are shown in gure 5. The model predicts an initial increase in yields which then reach a plateau; a trend qualitatively similar to the experimental data (inset). The experimental data were taken at various frequencies, but the general trend is very robust. While a quantitative comparison is impossible owing to the uncertainties in the model parameters, the single-bubble model is able to predict the proper trend. The plateau in the yields is due to o¬setting e¬ects. The higher acoustic forcing causes the bubbles to collapse more violently, but the more violent collapse also traps more vapour in the bubble. This trend would not be captured if the di¬usion of vapour in the interior had not been taken into account. Figure 5 . Yields of OH, normalized to PA = 2:0, as the pressure amplitude is varied. Experimental data of OH sonochemical yields for various frequencies as power is varied are shown in the inset (reprinted from Mark et al. (1998) , with permission from Elsevier Science). The important experimental result is that for all frequencies shown, the chemical yields reach a plateau as the power is increased.
(e) Liquid temperature Finally, Mark et al. (1998) measured sonochemical yields of argon dissolved in water as the liquid temperature is varied. The predicted normalized OH yields as the liquid temperature is varied are shown in gure 6. The experimental result shows a monotonic decrease in OH and H 2 O 2 as the liquid temperature increases. As the liquid temperature increases, the vapour pressure increases and consequently more vapour is trapped by the collapse. The increased vapour content causes the temperature within the collapsing bubbles to decrease monotonically as the liquid temperature increases. At low liquid temperatures, the collapse temperature is high because the bubble is nearly pure argon, but there is not enough water vapour present to produce signi cant yields. At high liquid temperatures, there is too much vapour to yield a signi cant rise in temperature. These competing e¬ects lead to the maximum in the predicted single-bubble sonochemical yields.
The experimental trend with temperature (which is also observed in sonoluminescence) is often explained in a simple way: i.e. the increase in vapour content with temperature results in less compression heating, which results in fewer reactions. While this explanation does explain the peak bubble temperature, the interpretation of the sonochemical yields is incomplete, as shown by the inability of the model to predict the experimental trend. The discrepancy between the experimental and predicted trend could be due to changes in ambient bubble radius, changes in the bubble population density, changes in the uptake of OH and H 2 O 2 by the liquid, or other di¬erences, which make a strict analogy between single-and multi-bubble behaviour inappropriate.
Conclusions
We have developed a reduced model that captures the physics of violent bubble collapses relevant to sonochemistry. The model only requires a minor extension and modi cation to the traditional Rayleigh{Plesset equation, which is solved easily numerically with widely available methods. The model also involves a coupling with chemical kinetics, which can be included using widely available software. The model is a simple and practical tool for understanding the sonochemical yields of single bubbles.
We have shown that this model is reasonably accurate in predicting the general trends of single-bubble behaviour by comparison with our previous work (S&S) involving much more detailed methods. The reduced model provides reasonable predictions for sonochemical yields and peak temperatures. Most importantly, the model is useful in predicting the amount of water present during the collapse, which is crucial for determination of the sonochemical yields. The importance of vapour has been widely ignored in the literature.
The reduced model was employed in the study of multi-bubble sonochemistry data. The model works well in predicting trends with variations in the operating gas, yielding the same general trends as the experimental data for monatomic gas mixtures and monatomic{diatomic gas mixtures. Furthermore, the model is able to shed light on the in®uence of variations in acoustic power. However, the single-bubble model is not able to predict the experimental data for variations in liquid temperature. This issue highlights the shortcomings of applying a single-bubble model to complex multi-bubble situations.
There are many unknowns in multi-bubble sonochemistry, such as the bubble size distribution, bubble population density, bubble{bubble interactions, and the mechanism by which chemical species produced in the interior are dispersed in the liquid. In theory, this single-bubble model could be part of a more complete theory if many of these unknowns could be resolved. The model is simple enough that it could be applied to an evolving size and number distribution of bubbles in a cloud. Further research is needed in the characterization of multi-bubble elds before accurate quantitative sonochemistry models can be expected.
